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BUkV  20.  Continued  — 

The  GRP  laminate  consists  of  a polyester  resin  (22%  by  weight)  reinforced  with  plies  of 
fiberglass  woven  fabric. 


The  objective  of  the  test  program  was  to  determine  and  evaluate  the  mechanical 
characteristics  of  the  GUP  tin  *ugh  a series  of  flexural,  tensile,  compressive,  and  shear  tests. 
In  addition,  more  efficient  uses  of  the  structural  strength  of  the  GRP  were  investigated 
whereby  the  GRP  laminate  sheets  were  employed  as  facings  of  sandwich  plates.  Employing 
the  GRP  in  sandwich  configurations  increased  the  structural  resistance  while  increasing 
fabrication  costs  and  shipping  cube  (volume). 

Because  of  its  superior  ballistic  resistance,  the  GRP  was  selected  for  the  Marine 
Corps  protective  construction  program;  however,  the  laminate  is  inherently  weak  in 
compression  and  is  highly  susceptible  to  creep,  localized  buckling,  and  moisture.  The 
established  criteria  will  provide  design  guidance  for  GRP  structural  components  of 
protective  structures.  The  criteria  will  be  used  to  predict  structural  behavior,  load  limits, 
failure  modes,  and  usable  life  of  GRP  structures.  In  addition,  the  efficient  use  of  the 
mechanical  properties  of  the  GRP  can  be  used  as  one  criteria  for  evaluating  future 
candidate  modular  systems. 
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INTRODUCTION  AND  OBJECTIVE 


The  Civil  Engineering  Laboratory  (CEL)  has 
been  evaluating  a highly  fragment-resistant  armor 
material  for  the  Marine  Corps.  If  used  in  a reuseable 
modular  component  design  this  material,  GRP,' 
could  be  used  n forwaid  areas  to  assemble  a family 
of  shelters  easily  and  quickly  for  protecting  ground 
targets  against  effects  from  conventional  weapons. 
Present  systems  use  sandbags,  metal  components, 
concrete  elements,  or  timber  construction  requiring 
King  erection  time.  Although  such  systems  provide 
adequate  protection  after  erection,  little  protection  is 
afforded  the  erectors  during  the  long  periods  of  con- 
struction. 

With  a reuseable  module  ard  reduced  erection 
time,  combat  troops  can  be  redirected  from  pro- 
tective construction  to  their  primary  mission;  the 
final  goal  is  to  provide  an  alternative-!:*  sandbag,  con- 
crete, or  timber  construction. 

Personnel,  aircraft,  tuel,  and  ammunition  are 
typical  targets  to  be  protected  by  the  modular  fortifi- 
cation system  from  conventional  weapons,  such  as 
mortars,  artillery,  rockets,  and  general  purpose 
bombs.  Effects  from  the  weapons  include  fragmenta- 
tion and  impulse  blast  loading.  Previous  investigations 
have  demonstrated  that  the  GKP  is  an  effective 
deterrent  to  fragments  1 1.2]. 

Since  the  modular  components  must  resist  blast 
effects  in  addition  to  fragmentation,  the  GRP  com- 
ponents must  be  structurally  reliable,  thus  requiring 
an  evaluation  of  the  mechanical  properties  of  the 
GRP  laminate.  The  GRP  structures  must  also  be 
capable  of  sustaining  other  loading: 

1.  Deadweight 

2.  Soil  loading  (the  structures  are  to  be  ballisti- 
eally  upgraded  by  adding  soil  in  wall  cavities  between 
panels) 

3.  Wind  loading  (the  structures  must  be  able  to 
resist  wind  loading  from  a hovering  helicopter) 


4.  Live  loading  (the  roofs  and  walls  must  sup- 
port personnel  and  equipment  during  and  after  erec- 
tion) 

A test  program  was  undertaken  to  establish  the 
structural  properties  of  the  GKP  laminate,  evaluate 
failure  mechanisms,  and  recommend  efficient  GRP 
structural  configurations. 

GKP  Laminate  Description 

The  GRP  laminate  was  prepared  from  layers  of 
fiberglass  woven  cloth  surrounded  by  a matrix  of 
polyester  resin.  The  resin,  which  conformed  to 
MIL-R-21067,  contained  70%  by  weight  of  thermo- 
setting polyester  with  the  remainder  of  the  formula 
lieing  monomeric  styrene. 

The  glass  woven  fabric  conformed  to  Style  1 157 
(manufacturer’s  specifications,  see  Figure  1).  This 
particular  fabric  weighed  24  ounces  per  square  yard 
and  consisted  of  electrical  glass  composition  (E-glass) 
with  a continuous  filament  of  0.00037-inch  nominal 
diameter  in  both  the  warp  and  fill  rovings.  Each  fila- 
ment of  the  rovings  (groups  of  filaments)  is  nominally 
13,500  yards  per  pound.  Each  roving  was  composed 
of  60  filaments.  There  were  5 rovings  (ends)  per  inch 
in  the  warp  direction  of  the  cloth  and  4 rovings 
(picks)  per  inch  in  the  fill  direction.  The  finish  on  the 
cloth  was  a starch  binder. 

The  laminate  was  prepared  by  using  48  plies  of 
the  above  cloth  in  the  resin  matrix  per  inch  thickness 
of  laminate.  The  GRP  was  cured  by  the  manufacturer 
for  2 hours  at  200°F  and  100  psi  pressure.  A cross 
section  of  the  GRP  is  shown  in  Figure  2.  The 
laminate’s  density  was  0.071  pound  per  cubic  inch 
(1.97  specific  gravity).  Samples  of  the  laminate  were 
tested  in  accordance  with  Method  7061  of  Federal 
Test  Method  Standard  No.  406  and  found  to  consist 
of  21.76%  resin  by  weight.  This  is  a very  low  resin 
content  for  a laminate  used  in  structural  applications; 
however,  tests  have  indicated  that  20%  resin  content 
is  optimum  for  best  fragmentation  resistance. 


* Fiberglass-reinforced  polyester,  the  fiberglass  is  woven  roving  design. 
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COUPON  TESTS  OF  GRP  LAMINATE 


Table  1.  GRP  Coupon  Tests  for 
Material  Properties 


Stros  MihIc 

Test 

Laminate 

Thickness 

tin.l 

Anietropic 

Direction 

KooiiHondnionc.l  Specimen 

Tension 

AST.M  1)638 

1/4.  I/S 

1 

till,  warp 

Coe.  prosion 

CF.I,J 

1/4 

fiu 

Flexure 

AST.M  1)700 

1/4 

fill,  .carp 

lot  inmating 
Snear 

Cl-I  J 

1/4 

fill 

I’uncfung 

Shear 

AST.M  1)732 

i/4 

perpendicular  u» 
Um'uutc  sHvct 

Water-Snaked^’  Spe»  mien  1 ested  at  Hoorn  temperature 

Tension 

AST.M  l)r.  38 

1,4.  1/8 

fill,  warp 

Compression 

<11  J 

1/4 

till 

Flexure 

\S  I.M  D7M0 
— 

1/4 

fill,  w jrp 

J CKL-ilcsigiic.)  specimen  tested  at  strain  rates 
recommended  In  AS1M. 

^ Water-soaked  24  hours  as  specified  l>\  AS'I.M. 


Test  Program 

A series  of  coupon  tests  was  conducted  to  eval- 
uate strength  and  behavior  characteristics  and  to 
establish  design  criteria  lor  the  laminate.  The  inlor- 
rmtion  was  required  to  design  the  components  of  the 
protection  system  to  utilize  fully  both  the  structural 
and  ballistic  properties  of  the  laminate.  The  coupon 
tes1  program  is  given  in  "I able  1.  It  included  tensile, 
compressive,  flexural,  laminate  shear,  and  punching 
shear  tests.  From  the  coupon  tests  the  following  pro- 
perties were  determined-  < ' tstic  modulus,  yield 
strength,  maximum  stiength.  stress-strain  behavior, 
and  energy  absorption  properties.  In  addition  to  the 
above  tests,  two  tensile  and  two  compression  test 
specimens  were  strain-gaged  in  order  to  obtain 
Poisson’s  ratio. 

After  completion  of  the  coupon  tests  and  evalu- 
ation of  the  belt.tvior.il  characteristics,  a series  ol 
single*  and  four-point  loaded  flexural  tests  were  con- 
ducted on  six  sandwich  configurations  employing 
GRP  sandwiched  with  aluminum  honeycomb  core. 


Summaries  of  the  results  from  the  room- 
conditioned  tests  arc  tabulated  in  Table  2.  Typical 
resistance-deformation  curves  for  the  various  types  of 
tests  are  presented  in  Figures  3 through  7. 

During  initial  stages  of  loading  in  all  stress 
modes,  the  behavior  of  the  laminate  was  governed  by 
the  properties  of  the  polyester  resin.  After  the  resin 
strength  was  exceeded,  the  fiberglass  characteristics 
controlled  the  laminate  behavior. 

The  GRP  exhibited  a considerable  amount  of 
ductility  after  yield  or  maximum  stress  was  attained 
in  a!!  stress  modes  except,  notably,  the  tensile  mode 
where  failure  of  the  fiberglass  tended  to  he  sudden 
and  complete.  Specimens  subjected  to  stress  modes 
wherein  large  ductility  occurred  were  not  loaded  to 
complete  collapse:  instead,  they  were  deformed  to  a 
particular  strain  level  to  which  the  material  would  be 
subjected  during  “field"  use.  Load-deformation 
curves  in  Figures  5 and  6 give  a good  indication  of  the 
GRP  ductility. 

There  were  different  load-carrying  characteris- 
tics associated  with  the  warp  and  fill  directions  of  the 
laminate  since  there  was  20".<  more  fiberglass  in  the 
warp  direction  than  in  the  fill  direction.  As  might  be 
anticipated,  on  the  basis  of  tensile  and  flexural  tests, 
the  warp  direction  bad  greater  ultimate  (maximum) 
strength  (10",.  tensile  and  4".  flexural).  All  of  the 
values  given  in  the  following  paragraphs  are  for  the 
fill  direction  and  I /4-inch  thickness  (room- 
conditioned  tests)  unless  otherwise  noted.  It  is 
recommended  that  the  structural  design  properties  be 
based  on  those  associated  with  the  fill  direction  of 
the  laminate  (Table  2). 

From  the  strain-gaged  coupon  specimens, 
Poisson’s  ratio  was  determined  to  be  approximately 
0.1. 

Test  Results  for  Specific  Stress  Modes 

Tension.  Example  curves  of  coupon  tensile  load 
deformation  are  given  in  Figures  3 and  4.  A tested 
tensile  coupon  specimen  is  shown  in  Figure  8 where 
the  deteriorated  resin  delaminated  from  the  fiber- 
glass, characteristic  of  the  tensile  failure  mode. 

Although  the  GRP  did  not  exhibit  ductility  in 
tension,  it  did  provide  a higher  level  of  strain  energy 
absorption  than  was  characteristic  of  the  compression 
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Tabic  2.  Properties  of  GKP  Laminate11  f 

i 

(Hoivson’s  Ratio  = 0.1.)  { 


Stress  Mode 

Property 

Tension 

Compression 

Flexure 

laminating 

Shear 

Punching 

Shear 

Initial  St. ess  Modulus  (psi) 

2.55  xlO* 

1.72x10* 

1.55x10* 

0.38  x-!0* 

0.15x10* 

Secondary  Stress  Modulus  (psi) 

1.78  x 106 

- 

- 

- 

- 

Stress  at  Resin  Failure  (psi) 

8,800 

6,000 

6,500 

820 

19,300 

Maximum  Stress  (psi) 

40,000 

6,000 

6,500 

- 

19,300 

Yield  Strain  (n./in.) 

0.0035 

0.007 

0.004 

0.0022 

0.130 

Rupture  Stress  (psi) 

40,000 

2,400 

3,200 

- 

7,600 

Rupture  Strain  (in. /in.) 

0.025 

0.10 

0.026 

- 

— 

Elastic  Strain  Energy  (psi-in./in.) 

15 

22 

13 

1 

1,250 

Total  Strain  Energy  (psi-in./in.) 

520 

240 

80 

- 

- 

'*  1/4-inch.  room-conditioned,  fill  direction. 


or  flexural  stress  modes  (Table  2).  The  tests  indicated 
an  initial  tensile  modulus  of  2.55  x 10*  psi  to  a stress 
level  of  8.8  ksi,  at  which  point  the  resin  apparently 
began  to  break  down;  there  was  also  a load-resistance 
transition  to  the  fiberglass.  The  transition  modulus 
was  1.38  x 10*  psi  to  a stress  level  of  17.9  ksi.  Then 
the  modulus  was  1.78  x 10*  ksi  until  an  ultimate 
strength  of  40.0  ksi  was  reached.  Failure  occurred  in 
a stepwise  fashion  as  groups  of  fiberglass  strands  were 
broken,  and  the  load-carrying  capacity  dropped 
eventually  to  zero  with  increased  strain.  Strain  at 
maximum  resistance  was  0.025  and  was  2 to  4 times 
this  amount  at  complete  collapse. 

Compression.  Due  to  the  instability  of  the  GRP, 
the  compression  coupon  specimen  (see  Figure  9)  was 
cut  from  a sandwich  prepared  from  1 /4-inch-thick 
laminate  facings  cemented  to  3/4-inch-thick  alumi- 
num honeycomb  core.  The  compressive  strength  of 
the  core  was  negligible.  The  specimen  width  was  1 
inch  and  length  was  1-1/2  inches.  Before  testing, 
specimens  were  capped  with  a polyester  resin  in  order 
to  insure  uniform  compressive  loading. 


Fxamplc  load-deformation  curves  for  compres- 
sion are  shown  in  Figure  5.  A typical  failure  mech- 
anism is  shown  in  the  photograph  in  Figure  10.  The 
clastic  compression  modulus  was  1.72  x 10*  psi  to  a 
maximum  loading  of  6.0  ksi  where  the  laminate  resin 
broke  down.  The  load-carrying  capacity  gradually 
dropped  off  to  40%  of  the  maximum  and  held  at  this 
level  until  a strain  of  0.10  was  reached  when  the  tests 
were  terminated. 

Breakdown  of  the  resin  resulted  in  a diagonal 
crack  (Figure  10).  As  the  resistance  dropped  off  and 
further  strain  was  experienced,  slippage  occurred 
along  the  crack,  and  the  glass  fibers  across  the  crack 
were  subjected  to  tensile  stresses.  Thus,  the  woven 
cloth  plies  in  the  vicinity  of  the  crack  delaminated 
and  buckled  with  continued  specimen  deformation 
(Figure  10).  The  compressive  failure  was  a localized 
shearing  type,  resulting  in  considerable  strength 
reduction.  The  relatively  low  compression  strength 
was  due  to  the  low  resin  content  in  the  laminate. 
Further  deformation  of  the  compression  specimen 
resulted  in  localized  strain  near  the  crack 
accompanied  by  relaxation  of  strain  elsewhere  as  the 
load  resistance  dropped. 
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Flexure.  The  flexural  properties  or"  the  laminate 
were  governed  by  its  compressive  capacity.. Another 
factor  wjs  the  support  conditions  of  the  specimen. 
Photographs  of  GRP  coupon  flexural  failures  arc 
presented  in  Figure  1 1.  Sample  test  curves  of  flexural 
resistance  to  deformation  are- given  iii  Figure  6.  Front 
the  coupon  tests,  the  laminate  shewed  » flexural 
eiastic  modulus  of  1.55  x 106  psi  to  a maximum 
stress  of  6.5  ksi  (strain  at  maximum  loading  -was 
approximately  0.004). 

After  attaining  the  maximum  resistance,  the 
laminate  rain  began  to  break  down  and  a diagonal 
crack  was  formed  in  the  compression  2onc  of  the 
specimen  cross  section  (Figure  11).  The  load  resis- 
tance dropped  to  40  to  60%  of  maximum  as  the  fiber- 
glass strands  were  subjected  to  tensile  action  as 
slippage  occurred  along  the  crack,  just  as  in  the  com- 
pression mode,  localized  buckling  and  delamination 
occurred  in  the  vicinity  of  the  crack  as  deformation 
was  continued. 

The  behavior  of  the  specimen  after  breakdown 
of  the  resin  and  the  subsequent  drop  in  load-carrying 
capacity  depended  on  the  end  supports.  For  the  case 
of  roller  supports,  the  specimen  continued  to  deflect 
while  carrying  approximately  the  same  loading  (40  to 
50%  maximum).  However,  for  the  case  of  pinned 
supports  at  both  ends,  the  load  resistance  increased 
up  to  near  maximum  resistance  with  continued  defor- 
mation. This  was  attributed  to  the  tensile  membrane 
resistance  of  the  laminate.  In  any  case,  the  laminate  is 
capable  of  deformation  (hinge  rotation)  in  excess  of 
12°  about  the  support  without  collapse  and  main- 
taining at  least  40°.,  of  the  maximum  loading.  The 
test  results  shown  in  Figure  6 are  from  specimens  on 
roller-type  end  supports. 

Shear.  Both  punching  and  lamination  shear  tests 
were  performed.  Lamination  shear  tests  were  per- 
formed using  the  notched  type  of  tension-loaded 
specimen  shown  in  Figure  12  (using  1 /4-inch-thick 
laminate).  This  specimen  was  considered  to  provide  a 
lower  hound  »o  the  lamination  shear  strength  since  it 
was  virtually  impossible  to  eliminate  all  the 
eccentricity  in  loading.  Results  indicated  a linear 
stress-strain  response  until  resin  breakdown  which 
produced  a crack  between  woven  roving  plies 
extending  between  the  two  sawed  notches  on  the 
specimen  (Figure  12).  Tests  were  terminated  at  this 


point.  The  clastic  modulus  of  lamination  shear  was 
0.38  x 106  psi  and  the  maximum  lamination  shear 
strength  was  820  psi. 

Punching  shear  tests  produced  linear  resistance- 
deformation  response  up  t6  resin  breakdown  after 
which  (here  was  a gradual  decrease  in  the  load- 
carrying-capacity  (Figure  7)-  The  clastic  modulus  foi 
punching  shear  was  0,15  x il)6  psi  and  the  maximum 
diear  strength  wa<  19.3  };ei.  This  mode  of  stress 
exi.-i'-'icd  the  highest  icrel  of  elastic  strain  energy. 
Just  as  *he  compression  and  flexural  modes,  after 
resin  deterioration,  the  fllierglass  could  not  sustain 
the  maximum  shear . --^stance' level;  and  dclammation 
resulted  after  the  glass  was  'aibjectcd-to  tension  across 
the  failure  crack. 

Param cter  K ffcct  on  Structural  Properties 

Water  Adsorption,  Specimens  of  each  stress 
mode  except  lamination  shear  were  also  tested  after 
being  immersed  24  hours  in  water.  Typical 
resistance-deformation  curves  arc  plotted  in  Figures  3 
through  6 along  with  the  room-conditioned  test 
results. 

After  being  immersed  in  water  for  24  hours,  the 
GRP  laminate  specimens  were  observed  to  absorb 
water  at  1.5  to  2.0%  by  weight(uncostcdspccimens). 
Because  of  the  low  resin  content  and  the  starch 
binder,  the  laminate  was  more  susceptible  to  strength 
deterioration  due  to  water  absorption.  Load  resis- 
tance decreased  from  30  to  60%.  The  effect  is  illustra- 
ted in  Figures  3 through  6.  The  water  absorption 
tends  to  break  down  the  bond  between  the  polyester 
resin  and  the  fiberglass  strands.  It  was  noted,  how- 
ever, that  the  tests  indicated  little  decrease  in  the 
GRP’s  ductility  due  iO-water  absorption. 

Due  to  the  detrimental  effect  of  moisture,  a 
coating  will  be  required  if  the  GRP  is  to  retain  its 
structural  and  ballistic  integrity  in  a humid 
environment. 

Thickness  of  GRP.  On  the  basis  of  coupon 
tensile  tests,  both  dry  and  water-immersed,  the 
thinner  laminates  exhibited  slightly  less  strength  and 
were  more  deteriorated  by  water  absorption.  The 
1 /8-inch  laminate  decreased  more  in  strength  from 
the  24-hour  water  immersion  than  did  the  1 /4-inch 
laminate. 
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Capacity  for  Reloading  ami  Reverse  Loading. 

flexural  coupons  (and  later  sandwich  flexural 
specimens)  were  subjected  to  reloading  after  inducing 
permanent  deformation  and  exceeding  maximum 
stress  level.  The  reload -deformation  relationship  was 
linear  (much  less  stiff,  however,  titan  the  original 
stiffness)  and  returned  to  the  level  of  resistance  at 
which  the  load-carrying  capacity  was  originally 
dropped.  These  Specimens  continued  to  deform  as  if 
the  load  had  iwcr  been  removed. 

Reverse  flexural  loading  was  applied  by.  first, 
deforming  the  specimen  beyond  the  maximum  load- 
carrying capacity  in  one  direction,  and  then  turning 
the  beam  specimen  over  and  applying  load  in  the 
opposite  ut’/cction.  The  behavior  of  the  specimen  was 
similar  to  that  of  the  reloaded  specimens.  The  load 
deformation  was  linear  to  a maximum  resistance  and 
then  leveled.  Jf  12  degrees  of  rotation  has  not  been 
exceeded  in  the  originai'oading  direction,  it  could  lie 
deformed  this  amount  tn  the  opposite  direction. 
However,  it  12  degrees  of  rotation  was  exceeded  in 
the  initial  loading,  the  specimen  could  carry  little 
loading  t.  the  opposite  direction.  The  fibers  us  the 
laminate  originally  loaded  in  compression  were 
generally  hiokcn  after  12  degrees  of  hinge  rotation. 

SANDWICH  TESTING 

Sandwich  construction  is  the  most  efficient 
method  of  utilising  the  structural  capability  of  the 
GRP.  Facings  are  spaced  some  distance  apart  where 
they  will  he  subjected  to  in-plane  loading  for  resisting 
bending  and  membrane  forces.  Separating  the  facings 
with  lightweight  core  material  (aluminum  honey- 
comb) achieves  a high  ratio  of  stiffness  to  weight.  The 
core  is  designed  to  resist  shear  and  to  stabilize  the 
facings  through  a bonding  adhesive  medium.  Sand- 
wich construction  is  inherently  more  costly  in  fabri- 
cation and  will  increase  the  shipping  cube  (volume). 

Six  GRP  sandwich  construction  configurations 
(Figure  13)  were  considered  and  tested,  (ion figura- 
tion i uses  the  GRP  as  a core  material  and  is 
considered  to  have  the  poorest  ratio  of  structural 
strength  to  weight.  The  other  five  utilize  a lightweight 
honeycomb  core  and  GRP  laminate  facings.  The  sand- 
wich configurations  that  utilized  aluminum  or  rein- 
forced epoxy  possessed  the  greatest  ratio  of  ultimate 
strength  to  weight. 


Saadwiefa  Tots  ail  Results 

Sandwich  plates  were  fabricated  in  the  configur- 
ations shown  in  Figure  Ti.  The  plates  measured 
12  x 12  inches.  18  x 18  inches,  2nd  18  x 48  incurs 
and  were  fabricated  bv  CF.!.  technicians  (Figure  14). 
After  curing,  the  plates  were  cut  iritu-.flcxain!  speci- 
mens in  widths  approximately  equal  to  tbirkiirsscs. 
Sandwich  specimens  were  tested  either  to  failure  O' 
to  a stable  resistance  level,  using  single- and  feur- 
poiri:  loading  configurations  (Figure  15). 

A summary  of  the  results  of  the  sandwich 
flexural  tests  arc  presented  in  Table  J.  Example 
resistance-deformation  curses  arc  presented  in  Figures 
16  through  24.  Photographs  of  example  failure 
mechanisms  arc  shown  in  Figures  25  through  33. 

Evaluation  of  Sandwich  Behavior 

The  GRP  in  sandwich  construction  exhibited 
properties  similar  to  those  exhibited  during  the 
coupon  testing.  The  amount  of  deterioration  from 
moisture  absorption  is  shown  in  the  resistance- 
deflection  curve  in  Figure  19,  as  compared  to  Figure 
18.  The  tensile  membrane  contribution  to  the  resis- 
tance beyond  elastic  limits  is  shown  in  the  resistance 
curve  shown  in  Figure  20.  as  compared  to  Figure  17. 
The  compression  failure  mechanism  of  a GRP 
sandwich  facing  is  shown  in  Figure  32  and  is  similar 
to  the  coupon  concession  failure  shown  in  Figure 
10. 

All  sandwich  configurations  exhibited  an'  elastic 
range,  with  the  greater  stiffnesses  associated  with  the 
more  complex  sandwich  configurations.  With  the 
exception  of  Configuration  3,  the  behavior  of  the 
sandwiches  in  the  linear  elastic  range  presented  few 
material  problems  from  buckling  or  dclamination  of 
facings.  Fabrication  difficulty  (low  bonding  pressure 
and  temperature)  of  specimens  of  Configuration  3 
resulted  in  dclamination  of  the  components  at  load 
resistances  below  those  expected  (Figure  25).  A pre- 
mature facing  delamination  a Configuration  5 
specimen  is  shown  in  Figure  26.  Failure  of  the 
adhesive  in  the  clastic  range  was  particularly  sudden 
and  was  accompanied  by  a large  loss  in  load-carrying 
capacity  (Figure  21). 

The  strength  of  the  adhesive  and  its  flexibility  is 
dependent  upon  the  sandwiching  procedure;  that  is, 
mixture  of  adhesive  components,  thickness  and 
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Tabic  3.  Summary  of  Sandwich  Tests 


evenness  of  the  adhesive  layer,  and  the  amount  of 
residual  stresses  produced  by  tiic-curing  temperature 
and  pressure.  I he  results  of  the  tests  involving  Con- 
figuration 3 indicate  adhesive  joints  should  be  kept  to 
a minimum  and  the  choice  of  adhesive  carcfuiiv 
considered  in  order  to  sustain  the  desired  hud 
capacity  and  be  capable  of  attaining  large  ductile 
strains. 

Several  premature  shear  and  buckling  failures  in 
the  core  material  were  encountered;  however,  thej 
were  not  as  sudden  and  complete  as  the  adhesive 
failures.  I he  core-buckling  failure  of  Configuration  -I 
is  shown  in  Figure  27. 

Beyond  the  elastic  range,  buckling  and  dclamina- 
tion  of  the  compression  facings  were  the  usual  failure 
modes  of  the  sandwiches.  However,  except  fot  pre- 
mature adhesive  breakdown,  the  failure  of 
Configuration  3,  and  the  behavior  of  Configuration  5, 
the  sandwiches  generally  exhibited  a very  du.i.le 
flexural  mode.  A failure  of  Configuration  5 is  shown 
in  Figure  31  Due  to  the  brittleness  of  the  reinforced 
epoxy  used  in  the  compression  face,  the  failure  of  the 
sandwich  was  quite  sudden  and  complete  as  shown  in 
the  resistance-deflection  curve  in  Figure  23. 
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With  the  nonsym metrical  sandwich  | 

Configurations  4.  5.  and  6,  the  Itehavior  beyond  the 
elastic  range  was  governed  by  the  sandwich  facings 
that  initially  yielded.  This  was  particularly  true  for 
Configuration  6 in  which  the  GRP  facing  was  in 
compression.  As  deomnstrated  in  Figure  24.  when  the 
GRP  yielded  first  (Figure  32),  the  load-resistance  . 

reduced  to  approximately  half  of  the  maximum 
loading,  after  which  the  load-resistance  leveled  off. 

When  the  aluminum  facing  initially  yielded,  as  in 
Configuration  6,  the  resistance  leveled  off  and 
maintained  the  maximum  load  (Figure  24)  until  the 
aluminum  failed  (Figure  33).  Ihc  latter  type  of 
failure  resulted  in  a sudden  and  complete  resistance 
loss  similar  to  that  with  Configuration  5. 

If  the  adhesive  which  bonded  sandwich 
components  was  correctly  applied  and  was  capable  of 
sustaining  the  necessary  strain  energy  absorption  of 
the  facings,  sandwich  Configurations  2,  3,  and  4 
presented  the  most  desirable  structural  characteris- 
tics. Configuration  1 lacked  the  high  level  of 
slrength-to-weight,  and  the  brittleness  of  the  rein- 
forced epoxy  limited  the  ductility  of  Configuration  5. 
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Comparison  of  Predicted  mid 
Experimental  Properties 

Tabulated  in  Table  3 arc  the  predicted  and 
experimentally  calculated  stiffnesses,  <EI)p  and  (El)r. 
respect  ncly  tor  the  tested  sandwich  configurations. 
The  predicted  stillnesses  were  obtained  by 

I.  Using  the  GRP-  material  properties  tabulated 
in  I able  2. 


I hc  experimental  values  of  the  elastic  stiffness, 
<EI)r.  were  calculated  from  the  linear  portions  of  the 
load-deformation  curves  and  the  expressions; 


<EI)C  * j for  rifle  -point  InatKng 

■ K55)  ’-i-'r-o-** 


2.  Using  the  manufacturer's  recommended 
mechanical  properties  tor  aluminum  and  the 
fibergfavs'teintorccd  epoxy. 

?.  Assuming  that  the  flexural  loading  was 
rcsistcddty  the  sandwich  lacings  only. 

4.  Assuming  uniform  tensile  and  compressive 
stress  across  the  facings’  sections. 

5.  Assuming  flexural  yielding  in  one  ot  the 
sandwich  lacings  prior  to  any  localized  buckling  or 
shear  failure  in  the  core  or  adhesive  joint. 

The  predicted  stiffness  of'thc  sandwiches.  (El)p< 
was  obtained  from  the  expcrimentallv  obtained  strain 
characteristics  ot  the  GKP  laminate  and  other  facing 
materials  and  the  expression 


v'lv-rc  A is  the  deflection  measured  at  the  ncam 
specimen  midpoint  and  P is  the  force  applied  by  the 
machine  head. 

I. incar  behavior  of  the  carious  sandwich  con- 
figurations compare  reasonably  well  with  the 
predicted  liehavior  (Table  3).  The  behavior  beyond 
the  clastic  range  was  dependent  in  several  eases  on  the 
buckling  and  shear  strength  of  the  core  and  lami- 
nating strength  of  the  adhesive.  The  strength  of  the 
adhesive  joint  adjacent  to  an  aluminum  sheet  facing 
surface  was  particularly  susceptible  to  premature 
failure  (both  before  yield  and  after  large  strain)  and 
was  unpredictable.  Thus,  no  attempt  was  made  to 
extend  predicted  calculation  beyond  the  clastic  range. 

Creep  Teals 


M _L__A. 

° = <KI)p  = h 

where  t,  and  cc  arc  the  predicted  strains  at  the  cen- 
troid ot  the  tensile  and  compressive  facings, 
respectively,  while  the  sandwich  I warn  is  subjected  to 
the  moment  M.  The  moment  arm  length  between  the 
centroids  of  the  tensile  anti  compressive  forces  is 
designated  as  h. 

The  predicted  yield  moment,  Mv,  was  calculated 
Irom- 

My  = f til 

where  t is  the  thickness  of  the  facing  that  yielded  first 
(or  the  thickness  of  the  GKP  if  it  attained  maximum 
stress  in  compression),  and  fy  is  the  yield  stress  of  the 
material  used  in  the  facing  (or  the  maximum  GRP 
compressive  stress).  The  value  for  fvt  was  determined 
for  each  facing,  and  the  lessor  of  the  two  was  used  to 
determine  Mv. 


The  GRP  laminate  has  been  shown  to  be  sus- 
ceptible to  continuous  creep  1 3).  Two  flexural 
specimens  of  Configurations  2 and  4 were  exposed  to 
long-term  loading  at  room  conditions  with  a point 
load  of  264  pounds  (0.5  Pv.  for  Configuration  2 and 
0.6  Pv  for  Configuration  4).  The  loading  arrangement 
is  shown  and  results  arc  plotted  :n  Figure  34. 

Within  the  first  125  hours  the  specimens  had 
deflected  in  creep  20°o  of  the  initial  deflection. 
Beyond  125  hours  the  rate  of  creep  was  constant. 
Although  not  lested,  it  was  believed  that  much  of  the 
GRP  creep  would  be  eliminated  by  the  employment 
of  aluminum  sheets  in  troth  facings  of  the  sandwich 
(Configuration  3). 

CANDIDATE  SANDWICH  PANEL  MODULES 

A good  comparison  between  predicted  and 
experimentally  obtained  properties  justified  the  use 
of  the  same  predicting  procedure  to  obtain  load- 
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deformation  cunts  fix  possible  sandwich  candidates 
for  the  tii’idules  of  tix  protective  contraction  .pro- 
gram. In  order  to  structurally  compare  the  six  sand- 
wich configurations,  the  following  materials  and 
quantities  were  considered  in  the  candidate  sandwich 
module*: 

1.  Mi  finch  (or  twa  I /4-inch  sheets)  of  fiber- 
glas*-reinforcv>i-polycstcr  --laminate  to  meet  the 
program's  fragmentation  requirements 

2.  2 inches  of  weight  aluminum  honcy- 
comb  core  (6.0  pounds  pee  cubic  foot)  in  an  effsxt  to 
balance  the  Mast  and  fragmentation  resistance 

2,  l/X-inch  total  thickness  of  alumitcim  or 
fiber-reinforced -epoxy 

All  the  panels  would  be  comparable  in  weight ; 
however,  the  more  complex  configuration:  would 
require  more  steps  to  fabricate  (for  example,  Con- 
figuration 3).  Configurations  I and  2 would  weigh 
less  than  the  others  since  fewer  components  would  he 
used. 

The  anticipated  flexural  resistance-deformation 
curves  for  the  five  sandwich  configurations  and  a 
I /2-inch  sheet  of  GRP  arc  shown  in  Figure  35.  Con- 
figuration 4 yielded  the  greatest  level  of  structural 
resistavtcc  and  the  greatest  amount  of  strain  energy 
absorption.  Ilowcvci,  Configurations  2 and  3 (if 
adhesive  problems  were  solved  I would  satisfactorily 
withstand  most  weapon  threats.  They  also  offer  'he 
advantage  of  symmetry;  that  is,  the  structural  module 
should  be  capable  of  resisting  weapon  blast  and  frag- 
mentation equally  well  on  both  sides  of  the  sandwich 
panel. 

SUMMARY 

The  delamination  mechanism,  which  is  pro- 
moted by  low-resin  content  and  starch  binder  on  the 
fiberglass,  made  the  fiberglass-reinforced- polyester 
laminate  a superior  antifragmentation  material.  How- 
ever, this  property  limited  the  laminate’s  structural 
capability.  In  each  stress  mode,  the  laminate’s 
elasticity  was  limited  by  the  strength  characteristics 
of  the  polyester  resin  matrix.  In  the  compressive, 
flexural,  and  laminating  shear  modes,  the  resistance 
could  not  be  transferred  from  the  polyester  to  the 


gb«  fiber  reinforcement  because  the  former  deteri- 
orates. initiating  the  failure  of  the  laminate.  However, 
the  laminate  tensile  strength  was  over  three  times  the 
strew  level  at  which  the  polyester  material  started  to 
break  down  because  the  fiberglass  was  capable  of 
resisting  much  higher  tensile  bads  Thus  the  mem- 
brane tensile  stress  mode  represented’  the  most  effi- 
cient mode  of  loading  the  laminate. 

The  strength  of  the  taminrtc  was  found  to  deteri- 
orate with  water  absorption  because  of  the  laminate’s 
kiw  resin  content  and  starch  binder.  For  field 
employment  the  GRP  must  be  protected  from 
moisture-absorption  by  sealing  all  exposed  edges. 

The  laminate  material  was  demonstrated  to  be 
more  structurally’  resistant  when  employed  in  sand- 
wich configurations  with  the  GRP  serving  as  mem- 
brane facings  on  lightweight  aluminum  honeycomb 
core.  However,  sandwich  construction  inherently 
increases  fabrication  costs  and  shipping  cube-two 
undesirable  factors  that  could  make  this  type  of 
constructbn  prohibitive  for  certain  structural  con- 
figurations such' as  highly  mobile  low  cost  personnel 
protection.  Some  of  the  sandwich  configurations 
presented  in  this  report  utilized  aluminum  or 
fiber-reinforced  epoxy  sheets  to  aid  the  GRP  in  the 
compressive  stress  mode.  Kach  configuration  provided 
a level  of  structural  resistance  that  was  dependent 
upon  the  arrangement  of  the  sandwich  facings. 

In  permanent  or  semipermanent  advanced  bases 
symmetrical  sandwich  Configurations  2 and  3 arc 
recommended  for  use  in  protective  structural 
modules  since  each  is  capable  of  resisting  the  same 
blast  pressure  and  fragmentation  striking  either  side 
of  the  sandwich.  Configuration  2 is  recommended  for 
short-term,  lower  structural  loading  and  for  upgrading 
the  protection  level  of  existing  structures.  Configura- 
tion 3 is  recommended  for  construction  modules 
which  arc  ’,o  be  subjected  to  long-term,  higher 
structural  loading  where  creep  is  also  considered 
detrimental.  Although  the  addition  of  an  aluminum 
sheet  to  the  GKP  facings  increased  costand  weight,  it 
was  necessary  in  order  that  the  panel’s  compressive 
face  could  resist  high  blast  pressures  and  so  that  creep 
due  to  long-term  loading  could  be  eliminated. 
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Figure  1.  Woven-roving  fiberglass  cloth  used  to  reinforce  polyester  resin.  Arrows  on 
warp  and  fill  indicate  direction  of  warp  and  fill  rovings. 
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Figure  7.  Example  of  shear  stress-deformation 
curse  for  punching  shear. 


Figure  8.  Coupon  specimen  showing  delaminated  resin  and  rupture  of 
fiberglass  strands  sustained  during  tensile  test. 
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Confif^u  ration  1 : GRP  cote 
with  aluminuir  'uioft. 


Configuration  2:  aluminum  honeycomb 
core  with  GRP  facings. 


Configuration  3:  aluminum  honeycomb 
core  with  composite  GRP-ahiminum 
facings. 


Configuration  4:  aluminum  honeycomb 
core  with  aluminum  sheet  on  compression 
side  and  GRP  sheet  on  tension  side. 


Configuration  5:  aluminum  Isoneycomb 
core  with  sheet  of  filier-rcinforced-cpoxy 
on  compression  side  anti  GRP  sheet  on 
tension  side. 


Configuration  6:  aluminum  honeycomb 
core  with  GRP  sheet  on  compression 
side  and  aluminum  sheet  on  tension 
side  (inverse  of  Configuration  4). 


Figure  1 3.  GRP  composite  sandwich  configurations.  In  all  cases,  compression  side  is  upper 
face,  and  tension  side  is  lower  face,  as  shown  with  Configuration  2. 
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Figure  25.  Buckling  failure  of  aluminum  and  GRP  due  to  inadequate  adhesion  between 
sandwich  components,  Configuration  3. 
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Figure  26.  Failure  due  to  dclamination  of  sandwich  facings,  Configuration  5. 


Figure  27.  Crushing  of  aluminum  honeycomb  core  beneath  load,  flexural  specimen, 
Configuration  4. 
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Figure  31.  Failure  of  the  fiberglass-reinforced  epoxy  compression  facing  (typical 
failure,  Configuration  5). 
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Flexural  Loading  (psi) 
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